Quantitative microbial risk assessments (QMRAs) often lack data on water quality leading to great uncertainty in the QMRA because of the many assumptions. The quantity of waste water contamination was estimated and included in a QMRA on an extreme rain event leading to combined sewer overflow (CSO) to bathing water where an ironman competition later took place. Two dynamic models, (1) a drainage model and (2) a 3D hydrodynamic model, estimated the dilution of waste water from source to recipient. The drainage model estimated that 2.6% of waste water was left in the system before CSO and the hydrodynamic model estimated that 4.8% of the recipient bathing water came from the CSO, so on average there was 0.13% of waste water in the bathing water during the ironman competition. The total estimated incidence rate from a conservative estimate of the pathogenic load of five reference pathogens was 42%, comparable to 55% in an epidemiological study of the case. The combination of applying dynamic models and exposure data led to an improved QMRA that included an estimate of the dilution factor. This approach has not been described previously.
INTRODUCTION
The aim of the current study was to advance the quality of the QMRA by better estimates of the water quality by applying dynamic hydraulic models to provide information on the dilution of waste water from the drainage system to the recipient bathing water, and subsequently to evaluate the results of the QMRA by comparing the results to an epidemiological study of the ironman competition.
METHODS AND MATERIALS

Study site
A recreational area including a lagoon with bathing water in the catchment of Kloevermarken is located in Copenhagen, Denmark (Miljoeforvaltningen ) . The lagoon hosted the swimming part of an ironman competition in 2010; the swimming route is shown in Figure 1 . A combined sewer outlet is located 1 km north of the bathing area. However, overflow did not occur during the period 2007-2010, as shown by the online registration system. The combined sewer outlet has a maximum discharge capacity of 6.9 m 3 /s and receives waste water from the catchment of Kloevermarken where residential and industrial structures and a hospital are located. A local rain gauge, operated by the Danish Meteorological Institute (DMI) is sited 1 km northwest of the bathing area.
The ironman competition
The ironman competition is one of the most challenging triathlons. The contest consists of open water swimming A rain gauge (S1) and a CSO structure (S2) are located to the north. Sampling point for the sewer system (S3) and bathing water station 375 (S4) are shown.
The swimming route, with start and end points of the ironman competition, is shown by arrows.
Dynamic modelling
Two models, (1) a drainage model (Garsdal et al. ) and
(2) a 3D hydrodynamic and bacterial model, were applied to determine the degree of contamination in the bathing area at the time of the ironman competition. The drainage model was applied to estimate the quality of the CSO water by determining the dilution factor in the sewer system during and after the heavy rain event. The hydrodynamic and bacterial model was applied to estimate the quality of the recipient water by determining the dilution factor of the CSO water in the recipient water.
The drainage model covered 76 km 2 with three main catchments, and the waste water was pumped to the Lynet- All times in this study are given as coordinated Universal Time (UTC).
Water sample collection and analysis
To evaluate the waste water quality of the catchment, for use in the QMRA, waste water was collected on 20 August and 3 September 2011 during dry weather conditions at sampling point S3 (Figure 1 ), since waste water data from 2010 were unavailable. To investigate the bathing water quality at the time of the ironman 2011 competition, when no CSO contamination took place, bathing water was collected at sampling point S4, the sampling point of the official bathing monitoring programme.
All water samples were immediately put on ice, stored in the dark and processed within 6 hours after collection. The sampling followed the standard procedure (DS/EN ISO The most conservative estimate was applied to assess the dose. The average dilutions of waste water, swim time and ingestion load was therefore applied. A conservative estimate of the concentrations of the five reference pathogens was applied, since the literature survey showed that the pathogen concentrations may vary by several orders of magnitude (Table 2 ) and no measurements of the pathogenic load from the actual case was available.
Dose-response models, obtained from the literature, were used to estimate the probability of infection (Table 1) .
RESULTS AND DISCUSSION
The heavy rain event The high rain intensities overloaded the sewer system of the catchment and lead to a CSO event between 17:30 and 20:00 ( Figure 3 ). The maximum overflow intensity reached 2.84 m 3 /s, corresponding to 41% of the maximal capacity of the overflow structure. In total 26,300 m 3 CSO water was discharged within a five hour period. Essentially no overflow events were recorded in the previous period 
Dilution factor
To assess the dilution of waste water from the drainage system in the bathing water, dynamic modelling was applied since actual measurements of the bathing water quality were unavailable. The dilution of the waste water by rainwater in the combined drainage system was determined by applying rain data as input to the drainage model (Mark et al. ) . In the drainage system, the average dilution factor was estimated to be in the range 26.8-45.5 with an average of 38.5 within the time of the rain event. This corresponded to 2.2-3.7% waste water with an average of 2.6% ( Table 2) .
The dilution in the recipient water was determined by applying online flow data from the CSO as input to the 3D hydrodynamic model, resulting in a dilution factor of 21.
This corresponded to 4.8% CSO water on average in the recipient at the time of the ironman competition (Table 2) , with a 0.5% variation within the time of the competition (Figure 4) .
By combining the outputs of the two models, a total of 0.13% of waste water was present in the recipient at the time of the ironman competition, showing that the waste water was highly diluted by the rainwater and in the bathing water.
One of the major uncertainties of QMRA is the dilution from source to recipient and therefore the water quality at the time of exposure, which typically has to be assumed.
However, the use of dynamic models made it feasible to assess the dilution in different waters in the absence of water quality measurements. This approach of combining a drainage model and a hydrodynamic and bacterial (2009) model for estimating the dilution factor in a QMRA has not been described previously.
Contamination
Routine monitoring and the hydrodynamic and bacterial model showed that the recipient water was of excellent quality a few days before and after the CSO event (Table 3) . At the time of the ironman competition, the hydrodynamic and bacterial model forecasted that the water from the CSO had been directed to the swimming area for the competition (Figure 5) of faecal contamination (results not shown) and that the presence of the swimmers did not affect the water quality.
Waste water quality
Concentrations of the indicators E. coli and enterococci spp.
were investigated to estimate the waste water quality in the drainage system of Kloevermarkens catchment. To avoid the impact of the weekday and to mimic the seasonal conditions of the system, waste water was collected on two independent Saturdays, with hourly sampling from 17:00 to 19:00, the time of the CSO event in 2010 ( Figure 2) .
The E. coli and enterococci spp. concentrations were in the range of 10 5 -10 6 MPN/100 mL ( Figure 6 ). The variation within the hourly sampling was minor, 0-7% for E. coli and 0.5-8.7% for enterococci. Within the sampling days, the difference in concentrations was ten-fold for E. coli and 
Risk assessment
To assess the risk of disease, a QMRA was conducted by applying the results from the dynamic models and exposure data from the ironman competition. The QMRA was conducted by a conservative estimate of average values of dilution factor and swimming times. The total incidence rate, when analysing for five reference pathogens and the average swim time of 76 min, was 42%, corresponding to 546 competitors out of 1313 acquiring disease (Table 2 ).
In the epidemiological study of the related outbreak, the incidence rate was 55% among the competitors (Harder The average values from the two dynamic models were applied to estimate the dilution of waste water to the recipient water. Uncertainty of the model outputs due to hydraulics may lead to less dilution and thereby a lower dose estimate than the actuality, shown by the lower incidence rate found in this study than the one found in the epidemiological study. Furthermore, the output of the 3D hydrodynamic model showed that the contamination was highest at the beginning of the ironman competition and lowest at the end (Figure 4) . Also the concentrations of the pathogens were uncertain, with no actual measurements or knowledge of the decay of the pathogens. Finally, the health issues of the ironmen themselves, due to their physical fitness and the extreme physical challenge of the competition, may influence the incidence rate whereby more complaints of gastrointestinal disease occur (Jeukendrup et al. ) .
The estimated incidence rate was expected to be higher than that observed due to the application of a conservative estimate of waste water dilution along with the conservative scenario for pathogen concentration and the dose-response. ().
Based on the enterococci monitoring, the incidence rate of swimming in marine bathing water, without CSO contamination was 1.8-6.3% at the ironman competition 2011 ( 
CONCLUSION
This study demonstrated the link between gastrointestinal disease and CSO caused by an extreme rain event through a QMRA that included knowledge of exposure data and the dilution factor from the source to the recipient waters.
Dilution factors were estimated by combining the outputs of two dynamic models, an approach not described previously. The hydraulics were shown to a useful tool for risk assessment when combined with exposure and microbial data since the results of the QMRA were comparable to epidemiologically based incidence rates. This study has contributed to a new generation of QMRA with reduced uncertainties due to estimating dilution factor. However, the QMRA still has uncertainties within the model outputs and the pathogen concentrations.
Finally measurements of indicator organism level, combined with dose-response relationships, showed reasonable results at low indicator levels, whereas at high levels of indicators, estimated by application of the 3D hydrodynamic model after the CSO event, the indicators overestimate the disease rate if the same dose-response relationship was applied.
